ABSTRACT Culex erraticus (Dyar & Knab) is a potential competent vector for several arboviruses such as Eastern and Venezuelan equine encephalitis viruses and West Nile virus. It therefore may play a role in the maintenance and spread of viral populations in areas of concern, including the United States where it occurs in Ͼ33 states. However, little information is available on potential barriers to movement across the speciesÕ distribution. Here, we analyze genetic variation among Cx. erraticus collected from Colombia, Guatemala, and nine locations in the United States to better understand population structure and connectivity. Comparative sequence analysis of the second internal transcribed spacer and mitochondrial NADH dehydrogenase genes identiÞed two major lineages of sampled populations. One lineage represented the central and eastern United States, whereas the other corresponded to Central America, South America, and the western United States. Hierarchical analysis of genetic variation provided further evidence of regional population structure, although the majority of genetic variation was found to reside within populations, suggestive of large population sizes. Although signiÞcant physical barriers such as the Chihuahuan Desert probably constrain the spread of Cx. erraticus, large population sizes and connectivity within regions remain important risk factors that probably contribute to the movement of arboviruses within and between these regions.
Barriers to movement among vector populations can be a key aspect of pathogen transmission. Both genetic and ecological factors, including close associations with host genotypes, the availability of oviposition sites, ßight range, and geographic barriers can inßu-ence pathogen transmission by limiting vector dispersal (Roderick 1996) . Japanese encephalitis virus transmission, for example, is thought to be constrained according to close associations with Culex annulirostris (Skuse) genotypes (Hemmerter et al. 2007 ). Dengue transmission also reßects interactions between different viral and vector genotypes (Tabachnick 1991 , Lambrechts et al. 2009 ). Venkatesan and Rasgon (2010) suggested the possibility that Culex tarsalis (Coquillett) movement has played a role in the westward expansion of West Nile virus in the United States, indicating that population genetic studies of vectors could provide unique insight into arbovirus transmission dynamics and potential control efforts (Tabachnick and Black 1995) .
Culex erraticus (Dyar & Knab) is a competent vector of Eastern equine encephalitis and Venezuelan equine encephalitis, in addition to being a suspected maintenance vector of West Nile virus (Chamberlain et al. 1954; Hribar et al. 2004 , Cupp et al. 2007 M. Turell, personal communication) . This mosquito also can potentially serve as a bridge vector because it feeds on mammals, birds, and reptiles. In the southern United States, Cx. erraticus has been known to disperse up to 2.2 km per generation and to constitute the majority of specimens caught in light traps (Morris et al. 1992; Cupp et al. 2004 Cupp et al. , 2007 . This species often oviposits on aquatic plants, but it does not seem to prefer a speciÞc aquatic habitat, illustrated by the variety of larval environments (Horsfall 1955 , Garcia Avila 1977 , McNelly and Crans 1989 , Alfonzo et al. 2005 .
Cx. erraticus has been collected in Ͼ33 U.S. states, throughout Mexico, the Caribbean Islands, Central America, and as far south as Paraguay. The species has not yet been found in the U.S. Mountain West or PaciÞc Northwest (Darsie and Ward 2005, WRBU 2007) . Collections from southwestern Arizona and southern California indicate that these populations may be disparate from the rest of the United States, separated by the arid regions of New Mexico and eastern Arizona, and that they are a result of a range expansion from the PaciÞc coast of Mexico (Aldrete and Pletsch 1976 , Palacios 1986 , Lothrop et al. 1995 . Although it is widespread and has been implicated in arbovirus transmission, little information is available on the structure of populations and potential barriers to movement across the speciesÕ distribution in the Nearctic and Neotropics.
Here, we examine mitochondrial (mtDNA) and ribosomal RNA (rRNA) sequence variation to reconstruct relationships among Cx. erraticus populations sampled from the United States, Central America, and South America. We tested the alternative hypotheses that one single panmictic population of Cx. erraticus exists versus geographically structured populations. This enabled us to assess whether western U.S. populations are derived from central and eastern U.S. populations, and similarly, whether North American populations are derived from more southerly counterparts.
Materials and Methods
Mosquito Collection, Identification, and DNA Isolation. Cx. erraticus adult females were collected from 11 locations: one in Colombia, one in Guatemala, and nine in the United States (Table 1 ; Fig. 1 ). Locations were primarily in mosquito abatement districts (MADs). Specimens were collected with light traps or resting boxes, identiÞed by the MADs or collectors, placed in alcohol or on icepacks, and mailed to the Department of Tropical Medicine at Tulane University. The identity of putative Cx. erraticus specimens was conÞrmed at Tulane University using a key to mosquitoes north of Mexico and a review of the subgenus Melanoconion (Pecor et al. 1992, Darsie and Ward 2005) . The abdomen from Ն10 specimens from each location (n ϭ 120) was removed using sterile techniques. DNA was extracted from each specimen with DNAzol genomic DNA isolation reagent (Molecular Research Center, Cincinnati, OH) following the manufacturerÕs guidelines, with minor modiÞca-tions. DNA pellets were resuspended in nuclease-free water and stored at Ϫ80ЊC.
Second Internal Transcribed Spacer (ITS2) and Mitochondrial NADH Dehydrogenase (ND4) Gene Amplification, Cloning, and Sequencing. ITS2 was ampliÞed using published primers and thermocycler protocols (Beebe and Saul 1995) . A 349-bp segment of the ND4 gene was ampliÞed following protocols developed for Aedes aegypti (L.) in Mexico (Gorrochotegui-Escalante et al. 2000) . Polymerase chain reaction (PCR) products were separated by electrophoresis on 1.5% agarose gels by using a 100-bp ladder from Invitrogen (San Diego, CA). PCR amplicons were excised and puriÞed using a Wizard genomic DNA puriÞca-tion kit (Promega, Madison, WI). PuriÞed ITS2 PCR products were cloned into Escherichia coli cells from the TOPO-TA PCR cloning kit (Invitrogen). Between one and three clones for each ITS2 sample were puriÞed with PureYield Plasmid Preps (Promega). Products were sequenced by Beckman Coulter (San Antonio, TX) or Functional Biosciences (Madison, WI) in both directions with M-13F and M-13R primers. ND4 products were sequenced directly. Chromatograms were visualized and sequences assembled using the Lasergene software suite (DNAStar, Madison, WI). Primer sequences were not included in the phylogenetic analysis.
Sequence and Phylogenetic Analysis. Separate sequence alignments of the ITS2 and ND4 sequences were generated using ClustalW (default parameters). Alignments were visually inspected and manually optimized using the Se-Al v2.0a11 (Se-Al; A. Rambaut, distributed by the author at http://tree.bio.ed.ac.uk). The Þnal ITS and ND4 alignments consisted of 308 Ð 323 and 349 nucleotides, respectively. Ambiguously aligned ITS2 regions were excluded from consideration; thus, only 186 nucleotides were used for phylogenetic analysis. Ambiguously aligned regions were regions where an assumption of positional homology could not be made, and in the majority of cases, consideration of the ambiguous regions required assumptions of multiple evolutionary events that could not be resolved at a population level. As a result, we conservatively excluded problematic regions from further analysis. Phylogenetic trees based on each region and a combined data set were generated using a distance search criteria with a likelihood optimization of the distance matrix enforcing the best-Þt substitution model (GTRϩIϩG) in PAUP v4b10 (Swofford 2003) . Statistical support for each tree topology was determined with 1,000 nonparametric bootstrap replicates (in PAUP) and calculation of Bayesian posterior probabilities. For the Bayesian tree estimation and statistical support, two independent chains of 5 million generations, sampling every 500 generations with a GTRϩIϩG nucleotide substitution model optimization was conducted in MrBayes v3.1.2 (Ronquist and Huelsenbeck 2003) . Convergence was determined with a critical split frequency of the log likelihood P Ͻ 0.01, and visual inspection for parameter convergence with Tracer 1.5 (Drummond and Rambaut 2007) . The Þrst 10% of each Bayesian sampling run was removed as the burn-in and the Þnal posterior probabilities were determined from the remaining trees. Population Genetics Analysis. Low haplotype variability prevented population genetic analysis of the ITS2 data set. Haplotype number (N), segregating sites (S), haplotype diversity (Hd), mean nucleotide difference per site (), and the average number of nucleotide differences (k) of the mitochondrial ND4 data set were determined with DNASP v5.0 (Librado and Rozas 2009) . Sequence variability and neutrality tests also were analyzed with DNASP v5.0. We determined whether mutations were neutral with TajimaÕs D test and Fu and LiÕs D-and F-tests (Tajima 1989, Fu and Li 1993) . Mantel tests and a regression of natural logarithm (ln)Ðtransformed ⌽ ST (1 Ϫ ⌽ ST ) values, and geographic distances were performed on ND4 data with IBDWS v2 to test for isolation by distance (IBD) (Rousset 1997 , Jensen et al. 2005 . A partial Mantel test (IBDWS v2) was run using 20,000 randomizations to evaluate if the Chihuahuan Desert is a barrier to gene ßow based on whether North American populations were on the same or different sides (i.e., eastern or western) of the desert. Distances among locations were measured in Google Earth and centroids were used for collection sites that did not have one trapping site. Estimates of ⌽ ST measure polymorphic sites, are comparable to F-statistics and are beneÞcial when data sets have high levels of haplotype variability (Holsinger and Weir 2009) .
Population structure and differentiation was tested with an analysis of molecular variance (AMOVA) (ExcofÞer et al. 1992) . Fixation indices (⌽ ST , ⌽ SC , and ⌽ CT ) were evaluated with Arlequin v3.5 (ExcofÞer and Lischer 2000). Analyses were run to assess struc- Fig. 1 . Map of the collection sites, the Chihuahuan Desert, and other potential barriers to gene ßow. The Chihuahuan Desert is differentially highlighted because it acts as a wedge, splitting northÐsouth population dispersal into an eastÐwest direction. Refer to Table 1 for collection site abbreviations.
ture at several different levels (state and country labels are as used in Table 1 ): among all samples (ungrouped); between South America, Central America, and North America; between the western United States (AZ, CA) and central and eastern United States (AL, FL, LA, MD, TX, VA, WI); and between the western United States (AZ, CA), southern United States (AL, FL, LA, TX) and northern United States (MD, VA, WI). An AMOVA with artiÞcial geographic groupings was used to conÞrm that the recovered structure corresponded to the selected geographic groupings. For individuals that had different ITS2 sequences, each unique sequence was included in the AMOVA analyses. Small sample sizes may overestimate effective population sizes and population-level diversity using traditional F ST methods, whereas coalescent Markov chain Monte Carlo approaches do not assume that subpopulation sizes are equal or migration rates are symmetrical (Beerli and Felsenstein 1999) . Maximum likelihood estimates of (population size parameter) for mtDNA (ND4) were calculated using MIGRATE v3.2 (Beerli and Felsenstein 2001) . F ST values were used as starting parameters for estimation of different groups of populations (similar to the AMOVA analysis). The following approach was used: 10 short chains of 10,000 trees and three long chains of 100,000 trees, both sampling every 100 genealogies with a burn-in of 10,000 genealogies. Long chain results were combined and an adaptive heating scheme was used with four temperatures (1, 1.5, 3, 10,000).
Results
Haplotype Analysis. The ITS2 sequences ranged from 308 (COL) to 323 (AZ, CA) nucleotides and the ND4 marker consisted of 349 nucleotides. Forty-seven ITS2 haplotypes were isolated from 107 individuals, whereas 76 ND4 haplotypes were recovered from 97 individuals in the 11 populations. Both gene regions were obtained from 92 individuals. Ten sites (all except FL) had multiple ITS2 clones sequenced from individuals. There was less intraindividual variation in sequences from AL, LA, and WI mosquitoes, whereas those from CA, COL, and MD displayed more intraindividual variation. Every ITS2 sequence from AZ, GUAT, and VA mosquitoes with multiple clones was unique, meaning no individual had the same sequences. Half of the mosquitoes from TX had the same haplotype (Supp. Tables 1Ð3 [online only]). The most common ITS2 haplotypes were H1, H2, and H5 (Supp .  Tables 1Ð 4 [online only] ). There were seven sites (AL, FL, LA, MD, TX, VA, WI) where each of these haplotypes was found. Other less common haplotypes were shared between AZ and COL (H7), CA and AZ (H11), AZ, CA, COL, and GUAT (H12), and CA and GUAT (H18). There were 29 segregating sites in the ITS2 region, with the lowest in GUAT (S ϭ 0) and the greatest in COL and AZ (S ϭ 8). The ND4 region exhibited considerably more variability, having 97 segregating sites, with the number of population-speciÞc sites ranging from four (CA) to 50 (GUAT).
Seven ND4 haplotypes were shared across populations (Supp. Phylogenetic and Geographical Structure. Two major groups were identiÞed with strong statistical support in all analyses (hereafter referred to as groups 1 and 2 as noted in Fig. 2 ). The strength of support and composition of these groups nevertheless differed between the ND4 and ITS2 phylogenies, and the ShimodaraÐHasegawa test of congruence found that the ITS2 phylogeny was signiÞcantly different from both the ND4 and the combined data set (Supp. Table 5 ). Within-group structure was recovered in the trees derived from the ND4 and combined data sets, but not in the ITS tree topology. In the topology derived from the combined dataset, for example, group 1 has two strongly supported subgroups; one consisting of specimens from GUAT, CA, and AZ and the other with mosquitoes from COL, AZ, VA, and LA. Group 2 consists of specimens from COL, the central United States, and the eastern United States (Fig. 2) .
The AMOVAs of the ITS2 data found that the greatest amount of genetic variation lay within populations, but signiÞcant variation also was found among geographical regions. Approximately 27% of the variation was among groups (⌽ CT ϭ 0.270, P Ͻ 0.0001) when the sites were placed in South American, Central American, and two North American groups. Nearly 37% of the variation occurred among groups (⌽ CT ϭ 0.369, P Ͻ 0.0001) when the North American sites were partitioned as eastern and western U.S. locations. Slightly more variance occurred among groups (⌽ CT ϭ 39%, P ϭ 0.0093) when sites were partitioned as westernÑsouth-ernÐnorthern U.S. locations. The amount of ITS2 variation among populations within geographic groups was small and not signiÞcant in all tested conÞgura-tions (Table 3) .
The majority of ND4 variation fell within populations, except when considering structure between the eastern and western United States. Among group differences also accounted for nearly half of the variance among South AmericaÐCentral AmericaÐNorth America groups. Similarly, a signiÞcant proportion of the variance occurs between westernÐsouthernÐnorthern U.S. groupings. A signiÞcant proportion of low ND4 genetic variation also occurred among populations within geographic groups in all of the tested geographical conÞgurations (Table 4) . The values comparing the AMOVA-population groups showed that among the South American, Central American, and two North American groups, the western U.S. group populations were more similar to each other ( ϭ 0.0014) than were other groups of populations and the populations in the eastern U.S. groups were relatively dissimilar ( ϭ 2.1714). Comparisons between the eastern and western U.S. groups again revealed high similarity between the CA and AZ populations ( ϭ 0.0063). A similar result was found when comparing populations from the western, southern, and northern United States, although the populations from the northern United States ( ϭ 0.5387) were more genetically dissimilar to each other than those from the southern United States ( ϭ 0.2853) ( Table 5) .
The untransformed and ln-transformed Mantel regressions of ND4 variation recovered a statistically signiÞcant positive relationship between genetic and geographic distance (r 2 ϭ 0.379, P ϭ 0.0008; r 2 ϭ 0.327, P ϭ 0.0006, respectively), indicating that genetic isolation increases with increasing distance between sample sites (Fig. 3) . Geographic distance was lntransformed to constrain variability and to determine whether the Þt could be linear. Controlling for geographic distance, the partial Mantel test results revealed a partial correlation between genetic distance and if populations were either east or west of the Chihuahuan Desert (r 2 ϭ 0.532, P ϭ 0.0147).
Discussion
Our Þndings indicate that populations of Cx. erraticus are geographically structured across a signiÞcant proportion of the species distribution. Phylogenetic analysis of sequence variation across the ND4 and ITS2 regions provides evidence of two major genetic groups, with one group being more geographically restricted than the other. The composition of the two groups suggests that centralÐ eastern U.S. populations and western U.S. populations are independently derived. Populations from the western United States exhibited relatively low levels of haplotype diversity, which may reßect recent founding events linked to range expansion. The hierarchical distribution of genetic variation indicates that limited connectivity occurs among populations within geographic regions. Similarly, we found evidence that populations are increasingly genetically isolated with increased distance between sample sites and the Chihuahuan Desert seems to be a barrier to gene ßow. However, the high levels of haplotype diversity, nucleotide diversity, and nucleotide differences in the ND4 region observed across all sites are indicative of large population sizes.
Phylogenetic analysis of both the ND4 and ITS2 regions recovered two distinct evolutionary lineages, but variation across the ND4 region provided a much higher level of resolution of lineage and sublineage relationships. The ND4 segment of mtDNA, which is maternally inherited and rapidly evolving in mosquitoes, exhibited relatively high levels of sequence polymorphism (Gorrochotegui-Escalante et al. 2000) . Our ITS2 data, however, were not sufÞciently informative to resolve sublineage relationships. Even though the region can be of high utility for distinguishing between Culicine species and among Anopheles species complexes, it is not always informative for newly derived Vol. 49, no. 3 species or for populations that exhibit low levels of sequence divergence (Paskewitz et al. 1993 , Miller et al. 1996 , Alquezar et al. 2010 . Compared with patterns of genetic variation in other mosquitoes with similarly large geographic ranges, we found that Cx. erraticus exhibits relatively high population-level mtDNA nucleotide diversity. Some variation in nucleotide diversity () was found among the sample locations (e.g., high, VA ϭ 0.0427; low, AZ ϭ 0.0152), but no location exhibited levels as low as those found in other well studied, broadly distributed mosquitoes. For example, the overall for ND4 in sub-Saharan African Anopheles nili (Theobald) was 0.023, whereas the highest at the population level of 0.0008 was in Gansé in the Ivory Coast (Ndo et al. 2010) . The average nucleotide diversity found in Cx. tarsalis in the western United States was 0.0068 with the highest population-level value of 0.0079 observed in Los Angeles (Venkatesan et al. 2007 ). All of these rates, however, are considerably lower than those seen in other nonmosquito vectors of concern, such as Mexican populations of Simulium ochraceum (Walker), which had an overall nucleotide diversity of 0.240 (Rodriguez-Perez et al. 2006) . Nucleotide diversity estimates generally were higher than values. For example, the VA May 2012 MENDENHALL ET AL.: POPULATION GENETICS OF Cx. erraticuspopulation had much lower genetic diversity (estimated from MIGRATE) compared with , indicating that coalescent analyses is a preferred method for determining genetic diversity under conditions of small sample sizes. Cx. erraticus can have large local population sizes due to productivity from larval sites and a ßight range that enables exploitation of suitable neighboring habitats (Cupp et al. 2004 , Estep et al. 2010 ). Hierarchical analysis of genetic variation found that a signiÞcant amount of variation lies within populations, which is consistent with large population sizes. However, the evolution of ITS2, a rDNA that evolves through nonmendelian processes, is markedly different from ND4, which is maternally inherited. Ribosomal DNA is a multicopy gene family that evolves through molecular turnover mechanisms, genetic drift, and natural selection. ITS should be more genetically similar between individuals in a population, but the combination of factors driving genetic change makes it more difÞcult to interpret if divergence is found among populations (Dover 1982) . Nonetheless, the patterns observed from Cx. erraticus ITS2 and ND4 were consistent.
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Large population sizes can contribute to high levels of gene ßow, but hierarchical analysis of both the ITS2 and ND4 sequence variation indicated that there is signiÞcant regional structure. The presence of speciÞc ITS2 haplotypes that were widely shared only among eastern U.S. sites region and those that were only shared among AZ, CA, COL, and/or GUAT indicate there is genetic structuring of Cx. erraticus. However, there did not seem to be any geographic differentiation in regard to intraindividual ITS2 sequence homogeneity or heterogeneity. Further analysis of ND4 variation showed that Cx. erraticus exhibits Þne-scale population structure within regions. Comparable results have been found for Ae. aegypti in Brazil where variation was largely attributable to within populations and among populations within groups (Scarpassa et al. 2008) . In contrast, studies of Anopheles albimanus (Wiedemann) across Central and South America and Anopheles punctipennis (Say) in Vermont found that greater than three fourths of mitochondrial genetic variation occurs within populations (Molina-Cruz et al. 2004 , Fairley et al. 2000 .
Population genetic structure of mosquito species can be inßuenced by geographic boundaries that constrain gene ßow between neighboring populations. The Rift Valley, for example, acts as a barrier to gene ßow for Anopheles gambiae (Giles) and Anopheles funestus (Giles) (Lehman et al. 2000 , Michel et al. 2005 . The Continental Divide reduces gene ßow among Cx. tarsalis populations, and the Neovolcanic axis in Mex- ico inßuences gene ßow in Ae. aegypti (Venkatesan et al. 2007 , Lozano-Fuentes et al. 2009 ). Our results suggest that little if any exchange occurs between populations to the west or east of the Chihuahuan Desert, which raises the possibility that the Chihuahuan Desert is a barrier to gene ßow among North American populations and is supported by the partial Mantel test results (CDRI 2010) . This arid region is approximately 400 km wide and 1,300 km long, stretching from north of Mexico City into New Mexico and southeastern Arizona. Lack of suitable larval habitat in the Chihuahuan Desert may have resulted in separate colonization events that followed pathways along the PaciÞc coast and Gulf of Mexico coast. Our results also suggest that the CA and AZ populations are more recently founded than other North American populations and population parameters show them to be more genetically similar to each other than the other analyzed groups of populations. The low levels of haplotype and nucleotide diversity observed and positive Fu statistics suggest that these populations have experienced a recent founding event (Fu 1997) . However, this Þnd-ing could be an artifact of small sample sizes resulting from uneven trapping success. Mosquitoes were not always from different traps or trap nights, which could bias estimates of local diversity. If samples were taken from one trap collection, for example, there may be a higher likelihood that sisters were collected, therefore reducing estimates of diversity. Additional samples from our collection sites, and both Mexico and western Guatemala, would have further reÞned our ability to detect barriers to gene ßow and exchange. Even though these samples were more geographically proximate than other collection sites, it is likely that this desert is a barrier to gene ßow. Consequently, further study will be necessary to understand the role of the Chihuahuan Desert in structuring the range and distribution of genetic variation in Cx. erraticus.
Several studies have focused on globally distributed vector species, such as Ae. aegypti and members of the Culex pipiens L. complex (Brown et al. 2011 , Edillo et al. 2009 , Weitzel et al. 2009 ). This approach often involves comparisons carried out across large geographic areas to elucidate demographic and evolutionary history, including episodes of population expansion and divergence (Loaiza et al. 2010) . However, the majority of mosquito species do not have global or otherwise large geographic distributions, which suggests the importance of examining regional and local levels of gene ßow to understand species movement and pathogen transmission, even for species-of-concern that have relatively large ranges. Evaluating genetic variation at macrogeographic scales also can discern the nature of connectivity among populations, including patterns of IBD that are not necessarily linked to speciÞc barriers to movement (Britten et al. 1995) . Our Þndings indicate that, despite having the largest distribution of any species in the subgenus Melanoconion, Cx. erraticus nonetheless exhibits a pattern of diminishing genetic similarity with increasing Fig. 3 . Mantel test for isolation by distance. Regression analysis of pairwise ⌽ST(1-⌽ST) values on pairwise untransformed (A) and ln-transformed geographic distances (B) for 11 populations using Kimura 2P parameters and 30,000 randomizations. *, multiplication symbol; d, geographic distance.
distance between geographically disparate collections, even when the geographic distances were transformed to minimize variances. Similar, but less distinct patterns of IBD have been found in other broadly distributed species. For example, analysis of mitochondrial markers in sub-Saharan African An. funestus showed a weak pattern of IBD, whereas studies of An. albimanus in Central America, South America, and the Caribbean provide contrasting reports of IBD or a lack thereof (De Merida et al. 1999 , Molina-Cruz et al. 2004 , Michel et al. 2005 . Thus, additional study of local patterns of geographic variation could provide a stronger foundation for understanding population connectivity and vector dispersal across multiple spatial scales.
